Children are vulnerable to environmental chemical exposures, but little is known about the extent of multiple chemical exposures among children. We analyzed biomonitoring data from five cycles (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) of the National Health and Nutrition Examination Survey (NHANES) to describe multiple chemical exposures in US children, examine levels of chemical concentrations present over time, and examine differences in chemical exposures by selected demographic groups. We analyzed data for 36 chemical analytes across five chemical classes in a sample of 4299 children aged 6-18. Classes included metals, pesticides, phthalates, phenols, and polycyclic aromatic hydrocarbons. We calculated the number and percent of chemicals detected and tested for secular trends over time in chemical concentrations. We compared log concentrations among groups defined by age, sex, race/ethnicity, and poverty using multiple linear regression models and report adjusted geometric means. Among a smaller subgroup of 733 children with data across chemical classes, we calculated the linear correlations within and between classes and conducted a principal component analysis. The percentage of children with detectable concentrations of an individual chemical ranged from 26 to 100%; the average was 93%, and 29 of 36 were detected in more than 90% of children. Concentrations of most tested chemicals were either unchanged or declined from earlier to more recent years. Many differences in concentrations were present by age, sex, poverty, and race/ethnicity categories. Within and between class correlations were all significant and positive, and the principal component analysis suggested a one factor solution, indicating that children exposed to higher levels of one chemical were exposed to higher levels of other chemicals. In conclusion, children in the USA are exposed to multiple simultaneous chemicals at uneven risk across socioeconomic and demographic groups. Further efforts to understand the effects of multiple exposures on child health and development are warranted.
of mothers' prenatal exposures to multiple chemicals on subsequent child development (Lee et al. 2017; Smit et al. 2015) .
Despite these efforts, there is still limited evidence on simultaneous levels of chemical exposures across multiple chemical classes in children. Woodruff et al. (2011) analyzed one cycle of NHANES data and reported that pregnant women had detectable levels of many chemicals across chemical classes. In the current study, we address a similar question for children. Studies of children's exposures to environmental chemicals in NHANES have been undertaken, but these have generally focused on testing associations between a chemical, or members of a single chemical class, and a health outcome. For example, NHANES data have been used to identify associations between phthalate exposure and attention deficit disorder and learning disabilities (Chopra et al. 2014 ). Childhood obesity is related to polycyclic aromatic hydrocarbon (PAH) and phthalate exposures . Increased asthma risk has been found in association with PAHs (Liu et al. 2016) . Children with higher urinary cadmium concentrations may have increased risk of learning disabilities and special education (Ciesielski et al. 2012) .
Studies of multiple chemical classes, or trends in exposures over time, using NHANES are less common. Zota et al. (2014) examined NHANES trends over time in phthalates, including both children and adults. Calafat et al. (2017) conducted a pilot study of 122 children ages 3-5 (NHANES includes children's urine samples beginning at age 6) and showed that the younger children could reliably provide adequate samples, and that young children had evidence for exposure to multiple chemicals across several chemical classes.
In this study, we provide an assessment of the presence of multiple environmental chemicals across several chemical classes in over 4000 NHANES children aged 6-18 over a 10-year period. We examine secular trends in exposure levels; test for statistical differences according to sex, age, race/ethnicity, and poverty status; and examine within class and between class correlations among exposures. Our intent is to identify the extent of exposures to multiple chemicals to begin to understand patterns of exposures in children, as a foundation for informing future work on specific health consequences of multiple exposures.
Methods

Design
The study design is non-experimental, consisting of five 2-year cross-sectional cycles of National Health and Nutrition Examination Survey (NHANES) data covering the 10-year period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . The NHANES is a biennial, nationally representative sample of non-institutionalized US residents conducted by the Centers for Disease Control and Prevention (CDC). It is designed to allow combining datasets across multiple cycles for increased sample size and estimate precision (Johnson et al. 2013) . Additional detail regarding sampling procedures and analytic methods may be found from the CDC NHANES site (CDC 2016).
Sample
We included 4299 children ages 6-18 for analysis. The chemicals of interest were not collected from children less than 6 years of age.
Measures
One of our intended purposes was to examine secular trends in levels of environmental chemicals in children over time. For that reason, we selected measures that were available consistently among children across multiple NHANES cycles. We included 36 such chemicals, all measured via urinary analytes or metabolites, representing five chemical classes: 11 metals, 2 pesticides, 3 phenols, 11 phthalates, and 9 polycyclic aromatic hydrocarbons (PAHs). All chemicals were measured as μg/L except PAHs, measured as ng/L.
Seven additional chemicals were considered but not analyzed for this study. These included two metals, beryllium and platinum, which were usually present below detection levels and were not collected in NHANES in the 2011-2012 cycle. Three additional pesticides were also usually below detection and were dropped in the last cycle. Two phthalates, mono-noctyl and mono-cyclohexyl, were not collected in the last cycle and were usually below detection limit. Additional chemicals (e.g., VOCs, PCBs, organophosphate pesticides) were not collected in all cycles or were only collected for children beginning at age 12. The 36 chemicals that we included were all collected consistently in children aged 6-18 across all five NHANES cycles.
In addition to these measures, we included as descriptive variables and covariates: age in years (divided into younger (aged 6-12) and older (aged 13-18)), sex, race/ethnicity (nonHispanic White, non-Hispanic Black, Hispanic, and Other (including Asian, multiracial and other groups)), poverty status (yes/no based on reported family income relative to federal poverty levels), and urinary creatinine (mg/dL). Poverty status was missing from 276 cases because family income data were not reported. To reduce loss of cases to missing data, we replaced missing creatinine levels (n = 133) with median values.
Analysis
We calculated the number and percent of tested chemicals that were present at detectable levels among children in the sample. We examined the secular trends over the five NHANES cycles to identify whether or not creatinine-adjusted chemical concentrations have been increasing or decreasing over time. Distributions of all chemicals were skewed with a small number of high end outliers, so we used the log values for statistical analysis. Tables report adjusted geometric means. We used SAS software version 9.4 Proc Surveyreg to estimate multiple linear regression models to identify the independent effects of age, sex, race/ethnicity, and poverty on children's concentrations of environmental chemicals, controlling in addition for log values of creatinine. We conducted a sensitivity analysis to examine whether differences in these models were influenced by adding serum cotinine as an additional covariate to control for smoking or second hand smoke. Statistical models were weighted using the NHANES weights specific to the chemical class, and using cluster and sampling variables provided by NHANES. We found the average linear correlations among chemicals at within-class and between-class levels. These correlations were restricted to a small number of children (N = 733) who were measured across classes. Among this subgroup of children, we conducted a principal component analysis to explore how the scores across the 36 chemicals might be grouped into fewer variables. We used p < .01 for all tests as the significance standard.
Results
There were 4299 children ages 6-18 available for analysis. The mean age was 12.1 (standard error = .07, range 6-18). Distributions by sex, race, and poverty status are shown in Table 1 . Table 2 summarizes the number of children who were tested on each of the 36 chemicals of interest, along with the number and percent who had concentrations of tested chemicals above the detection limits. Most children had detectable levels of most chemicals, with a range from 26.8 to 100% of children; 93.1% of children on average had detectable levels of the 36 tested chemicals. Table 3 shows the creatinine-adjusted geometric mean values across time. Based on a linear trend p < .01, we observed the 36 tested chemicals, 16 showed significant declines over the five NHANES cycles, 16 were unchanged, and 4 increased. Declining chemicals included 5 of 11 metals, one pesticide, 1 of 3 phenols, 7 of 11 phthalates, and 2 of 9 PAHs. P values based on SAS proc surveyreg model, specifying the sample time period as a continuous independent variable, and using the log of the chemical value as the dependent variable. Models included log of creatinine level, the strata and sampling cluster variables provided by NHANES, and were weighted using NHANES weights specific to the chemical class. The last column shows the beta (b) coefficient for the linear trend estimate; negative coefficients indicate declines in levels over time
Of the four that increased over time, there were 3 PAHs and 1 phthalate. Significant increases or decreases in chemical concentrations over time may be identified by the two final columns of the table showing the p values and the positive or negative direction of the coefficients. Table 4 shows the results of the multiple linear regression models that tested for differences in chemical concentrations by age, sex, race/ethnicity, and poverty. Cell values in the table are least squares adjusted geometric means. Sex differences were found for 12 of 36 chemicals, and in 11 of these instances, females had higher concentrations. Chemicals were often higher in older children (29 chemicals), a notable exception being mono-ethyl phthalate. There were 21 significant differences by race/ethnicity, but no consistent pattern was observed. Pesticides were higher in Blacks and Hispanics compared to the White or Other race groups. Levels of total urinary arsenic were highest in the other race group, perhaps reflecting dietary intake in Asian populations. Benzophenone-3 was higher among White children. Two phthalates (mono-ethyl and mono-isobutyl) were highest among Black children, but another phthalate (mono-(3-carboxypropyl)) was lowest in Black children. Five PAHs showed significant race/ethnicity differences; one of these (2-napthol) was higher among minorities, but the others were not. Poverty differences included two phenols that were lower in the poverty group; both pesticides were higher, one metal (Pb) was higher, as were seven PAHs. The results of the sensitivity analysis (not shown) indicated that adding serum cotinine as an additional covariate made few differences on the estimates by age, sex, or race; however, poverty differences became less common among the PAH tests, indicating that smoking or second hand smoke is influencing PAH findings among the poverty group. Because serum cotinine was missing in 643 cases, we report results without cotinine to increase the sample size. Table 5 shows the average within-class and between-class correlations among chemicals. All within-class correlations were significant and were higher than between-class correlations with the exception of phenols. However, all betweenclass correlations were significant (p < .01) and positive. The principal component analysis (results not shown) suggested a six factor solution based on factors with eigenvalues > 1. However, the first factor alone accounted for 46% of the variance, and this fell to 6 to 3% in factors two through six. A visual scree plot also suggested a one factor solution, as eigenvalues fell from 16.5 for the first factor, to 2.2 for the second, leveling off thereafter. Finally, our interpretation of the factor loadings suggested a one factor solution; all factor loadings on the first factor were positive and 31 of the 36 measures had the highest loadings on the first factor, while two phenols loaded onto factor five, the two pesticides loaded onto factor four, and the remaining factors seemed largely uninterpretable.
Discussion
We examined 36 environmental chemicals tested among children aged 6-18 years across five NHANES cycles (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . We observed that detectable concentrations of these chemicals were present in most children. On average, the chemicals were detected in 93% of tested children. Five classes of chemicals were represented including metals, phenols, pesticides, phthalates, and PAHs.
It was encouraging to observe that the levels of many of the tested chemicals declined from earlier years to later years. This may be a reflection of safer consumer products, greater public awareness of the need to avoid exposures in children, and policies to reduce pollutant emissions into the environment. Note that of the four chemicals that increased over time, three were PAHs and one was a phthalate. PAHs were the only class where increasing chemical levels over time outnumbered decreasing chemicals; perhaps this reflects greater exposures over time to fossil fuel combustion products, although exact sources are unknown. Reductions in lead have been previously documented and reflect less use of lead paint, leadcontaining plumbing materials, and elimination of leaded gasoline (Brown and Margolis 2012) . Phthalate use has been reduced in the manufacture of some children's toys.
Results of models examining differences by age, sex, poverty status, and race/ethnicity identified many differences in exposure levels among population groups. Poverty differences included the finding that two of the phenols were lower in the poverty group, perhaps reflecting differential access to consumer products. Levels of lead were higher in the poverty group, as were both pesticides, two phthalates, and seven of the PAHs. When we added serum cotinine as an additional covariate, the sample size was reduced but six of the seven PAH differences became non-significant, indicating that differences in smoking exposures in the poverty group may be influencing PAH findings. Higher concentrations among older children may reflect differences in activity patterns or time spent outside the home, or consequences of longer exposure. Higher concentrations among female children may reflect their average smaller size, or differential exposure to certain consumer products.
There were many differences across race/ethnicity groups. Higher pesticide exposures in Black and Hispanic children is concerning to see. NHANES classifies these two chemicals as pesticides, but they are also present as a product of chlorinated tap water. These dichlorophenols may influence pubertal timing (Wolff et al. 2016 ) and contribute to thyroid dysfunction (Wei and Zhu 2016a) , metabolic syndrome (Wei and Zhu 2016b) , obesity (Twum and Wei 2011) , and food allergies (Jerschow et al. 2012) . Black and Hispanic children also had higher concentrations of mono-ethyl phthalate, a plasticizer often used as a fragrance ingredient in personal care products (EWG 2016); exposure to this and other phthalates has been Results from Proc surveyreg models specifying sex, race (non-Hispanic white, non-Hispanic black, Hispanic, other), age (ages 6-12 vs 13-18), poverty status (yes/no), and log of urinary creatinine as independent variables, and using the log of the chemical value as the dependent variable. Models included the strata and sampling cluster variables provided by NHANES and were weighted using NHANES weights specific to the chemical class *p < .01, **p < .001
linked to reproductive problems. Phthalates are used in the manufacture of children's toys but are present as well in many other consumer products. In addition to observing that most chemicals were present above detection limits, we also observed significant correlations within and between chemical classes. A principal component analysis also pointed to a one factor solution indicating that values across chemicals were positively associated. That is, children with higher concentrations in one chemical were at risk for higher concentrations in other chemicals. We do not know how the simultaneous presence of dozens of chemicals in children may act in additive, synergistic, or redundant fashion to influence child's health and development. Some studies have examined chemical mixtures in children but they tend to be limited to few, often only two, chemicals at one time (Xu et al. 2015; Zota et al. 2015) . The current study did not attempt to examine health outcomes of multiple exposures, but serves only to document the simultaneous occurrence of multiple chemicals among US children, examine their changes over time, and examine their associations with demographic variables. It will be important for future research to understand how multiple exposures may operate to impact children's health and development.
Further study into the use of toxicologically related classes of chemicals could offer one approach to understanding the interactive health effects of multiple chemicals (ATSDR 2014) . Also important will be to identify through empirical evidence which co-exposures are truly synergistic in promoting adverse health consequences (interactions), which may confer only additive effects of individual exposures (main effects), and which may confer no extra risk after the effects of a related chemical are accounted for (null or redundant effects). Studies to examine the effects of multiple co-exposures, 36 in the case of the present study, will also benefit from the development of statistical models that allow for the estimation and interpretation of higher-order interactions. Conventional statistical approaches have limited ability to model complex interactions, but spatial modeling techniques (Shmool et al. 2014) , structural equation models (Peters et al. 2017) , or person-centered models (Lanza and Rhoades 2013) are possibilities for further applications to co-occurring environmental exposures.
Limitations of the study include incomplete knowledge about safe or unsafe levels of the tested chemicals. Wigle and Lanphear (2005) argue that there may often be no safe level of exposure to harmful chemicals. Children are more vulnerable to environmental toxicants than adults and may experience greater vulnerability at lower levels of exposure (ATSDR 2013; NRC 1993) . We also do not know if all of the tested chemicals necessarily have negative impacts on child health and development, although as chemical classes, we know that adverse effects have been identified for all. A third limitation is that the correlations within and between chemical classes were based on a small sample of children. Finally, several chemicals that were infrequently detected were dropped from NHANES, so the fact that most tested chemicals were detected in most children provides a somewhat biased view, as undetected chemicals are not included in measurement over time. However, levels of detection varied from about 27 to 100%, while averaging 93%, and only a small number of chemicals with very low detection rates were eliminated.
In conclusion, the study indicates that most children have detectable concentrations of multiple environmental chemicals across chemical classes. Levels of some of these chemicals have been in decline from earlier to later years. The need for further investigations into the effects of exposures to multiple simultaneous environmental chemicals, including multiple low dose exposures, on the health and development of children are indicated by these findings, as current understanding of the effects of multiple chemical exposures in children is still insufficiently developed. 
